The nature of the dark sector of the Universe remains one of the outstanding problems in modern cosmology, with the search for new observational probes guiding the development of the next generation of observational facilities. Clues come from tension between the predictions from ΛCDM and observations of gravitationally lensed galaxies. Previous studies showed that galaxy clusters in the ΛCDM are not strong enough to reproduce the observed number of lensed arcs. This work aims to constrain the warm dark matter cosmologies by means of the lensing efficiency of galaxy clusters drawn from these alternative models. The lensing characteristics of two samples of simulated clusters in the warm dark matter (ΛWDM) and cold dark matter (ΛCDM) cosmologies have been studied. The results show that even though the CDM clusters are more centrally concentrated and contain more substructures, the WDM clusters have slightly higher lensing efficiency than their CDM counterparts. The key difference is that WDM clusters have more extended and more massive subhaloes than CDM analogues. These massive substructures significantly stretch the critical lines and caustics and hence they boost the lensing efficiency of the host halo. Despite the increase in the lensing efficiency due to the contribution of massive substructures in the WDM clusters, this is not enough to resolve the arc statistics problem.
INTRODUCTION
The standard model of cosmology (Cold Dark Matter + Dark Energy) is found to be in good agreement with the observational data on large scales of the Universe (e.g. Cole et al. 2005; Percival et al. 2010; Komatsu et al. 2011; Addison et al. 2013) . However, there are a few discrepancies between observations and the CDM model. For instance, the ΛCDM cosmology predicts that many more satellites must be around Milky Way-sized galaxies than the observed satellites (Klypin et al. 1999; Moore et al. 1999) . This problem could be resolved by adopting warm dark matter model as an alternative to the standard model (e.g. Colín et al. 2000; Bode et al. 2001; Lovell et al. 2014) .
Gravitational lensing has revealed another discrepancy between observation and the current cosmological model. Galaxy clusters are observed to produce more lensed giant arcs than predicted by the ΛCDM model (for a review see Meneghetti et al. E-mail: hareth@physics.usyd.edu.au 2013). This discrepancy is known as the arc statistics problem and was firstly addressed by Bartelmann et al. (1998) . Further work from Wambsganss et al. (2004) was showed that the lensing optical depth for giant arcs is strongly dependent on the source redshift due to the very steep cluster mass function. Contrary to Bartelmann et al. (1998) , these authors have found that the abundance of giant arcs in the ΛCDM model agrees with that of the observed clusters when using a wider range of source redshift. However, later research by Li et al. (2005) confirmed the arc statistics problem and found that the optical depth increased at a slower rate with the source redshift than reported in Wambsganss et al. (2004) . A recent study from Meneghetti et al. (2011) has confirmed the findings of Bartelmann et al. (1998) . However the new study shows that the arc statistics discrepancy between the lensing efficiency of the observed clusters and the ΛCDM clusters is about a factor of two rather than one order of magnitude. We note that the lensing efficiency can be significantly boosted during the cluster mergers, where the lensing cross section can increase by one order of magnitude or more on a time scale of ∼ 0.1 Gyr (Torri et al. 2004 ). It has also been found that the ΛCDM clusters produce smaller Einstein radii than those observed (e.g. Broadhurst & Barkana 2008; Zitrin et al. 2011) . The abundance of giant arcs is found to be sensitively dependent on the concentration of matter in their cores, and hence provides a statistical constraint on the density profile of galaxy clusters (e.g. Wu & Hammer 1993; Oguri et al. 2001) . The optical depth for giant arcs could be boosted drastically by increasing the normalisation of power spectrum (Fedeli et al. 2008) . Puchwein & Hilbert (2009) investigated the contribution of structures along the line of sight to the strong lensing efficiency. They found that the abundance of giant arcs for individual clusters could be increased by up to ∼ 50 per cent, showing that its contribution becomes more significant for clusters of lower masses and sources at higher redshifts. Baryonic processes can steepen the central density profile of galaxy clusters and hence increase lensing efficiency by a small factor. However, that is not enough to resolve the dicrepancy observed (e.g. Puchwein et al. 2005; Rozo et al. 2008; Wambsganss et al. 2008; Mead et al. 2010; Killedar et al. 2012) .
These studies have all used CDM, however, the fundamental nature of dark matter is still a subject of debate. The dark matter in the Universe must be non-baryonic, but the important question that needs to be answered is: Is the dark matter hot, cold or warm? Hot dark matter scenario has been ruled out in the early 1980s as the free streaming scale is found to be too large and hence galaxies would not form (White et al. 1983 ). On the other hand, the structure formation in the Universe based on the cold dark matter scenario has been a great success at describing the large scales of the Universe (e.g. Blumenthal et al. 1984; Davis et al. 1985) . The ΛWDM cosmology has started to receive more attention in the last several years as it agrees better with observations on small scales (e.g. Lovell et al. 2012; Schneider et al. 2012; Libeskind et al. 2013 ). The differences between the structure formation of the CDM and WDM have been outlined by Bode et al. (2001) . These authors have pointed out that the WDM structures have larger core radii, lower core densities and less abundance of substructures. Therefore, it is only natural to study whether WDM is a solution to the arc statistics problem. In the present work, we explore both ΛCDM and ΛWDM cosmologies to improve our understanding about the differences of structures between the two cosmologies and how those differences affect the lensing efficiency to produce giant arcs. Naively, one would expect that the WDM clusters produce smaller Einstein radii and cross sections than their CDM counterparts as they are less concentrated and contain fewer substructures. This should result in smaller convergence and shear fields which in turn lead to a lower lensing efficiency. However, our results show that the WDM clusters are slightly more efficient than the CDM analogues due to some physical differences between these two cosmologies. To confirm these physical differences, we compare in a companion study Elahi et al. (2014) the mass accretion and internal properties of the WDM and CDM clusters.
Our paper is organised as follows: In Section 2, we describe the numerical methods used in this work. We then present the main results of this study (Section 3) and a brief description on why the WDM clusters are slightly stronger lenses than the CDM counterparts (Section 4). Finally, we discuss our results and conclude in Section 5. 2 NUMERICAL METHODS
Simulations
We study 10 pairs of clusters extracted from zoom simulations (see Table 1 for their bulk properties at z=0). These zoom simulations used a parent simulation of L box = 150h −1 Mpc containing 128 3 particles in the ΛCDM model (h = 0.7, Ωm = 0.3, ΩΛ = 0.7, and σ8 = 0.9). Clusters with masses of > 10 14 h −1 M were identified in the parent simulation using AHF, which uses a overdensity threshold approach to identify halos (AMIGA's Halo Finder; cf. Knollmann & Knebe 2009 ). The overdensity used to define the halo corresponded to the so-called virial radius rvir, where the mean interior density is ∆vir times the critical density of the Universe at that redshift, ρc(z) = 3H 2 (z)/8πG, where H(z) and G are the Hubble parameter and the gravitational constant, respectively. For ten such clusters, we identified all particles within a radius of ∼ 3Rvir of the cluster at z=0 in the parent simulation and determined their initial positions using a inverse Zel'dovich transformation to obtain the particle positions at z = ∞, from which we determined the spatial extent of the initial Lagrangian volume. This volume defines the central region of a multi-level mask for the high resolution region. The resampled lagrangian regions are initialised using ΛCDM and ΛWDM cosmologies, which primarily differ in the power included at small scales. We present here a brief description of the ΛWDM model, for more details see Elahi et al. (2014) . Our ΛWDM model used is a 0.5 keV thermally produced dark matter particle (Bode et al. 2001) , which results in a suppression of growth for halo with M M hm = 2.1 × 10 11 M , the so-called half-mode mass scale where the WDM power spectrum is 1/4 that of the CDM one (Schneider et al. 2012) . All simulations are run with GADGET2, a TreePM code (Springel 2005 ) and the zoom simulations used a gravitational softening length based on Power et al. (2003) , i.e., opt = 4 rvir/ √ Nvir.
Ray tracing method
Mock lensing maps for two samples of simulated clusters in WDM and CDM cosmologies were produced using the ray tracing method. Mapping the light rays from the lens plane to the source plane can be done using the lensing equation:
where β and θ are the angular positions of light rays on the source and lens planes, respectively and α(θ) is the deflection angle of light rays on the lens plane, which is given by:
where κ is the convergence. For gravitational lens under the thin lens approximation, the convergence is simply proportional to the projected surface mass density, κ = Σ Σ crit , where Σcrit is the critical surface mass density that depends on the angular diameter distances between observer and lens DL, between observer and source DS and between lens and source DLS:
Note that the thin lens approximation hold as clusters, the gravitational lenses studied here, are much smaller than the abovementioned distances. For this study, we place our lens and source planes at redshifts of zL = 0.3 and zS = 2.0 respectively. The deflection angle is evaluated by multiplying the convergence map with the kernel from equation 2 in Fourier space, that is
where
We implement a zero-padding method to overcome the periodicity of Fourier transform when convolving the convergence with the kernel function.
For our clusters, we use only particles within = 2.5Mpc of the cluster centre to calculate the convergence by projecting them onto two 2D grids: The particles within 0.5Mpc are projected onto a small high resolution grid of (1024 x 1024) such that the angular resolution is 0.22 arcsec and the rest of particles are projected onto a larger lower resolution grid of 5Mpc of 1024 x 1024. The projected surface mass density is smoothed using a truncated Gaussian kernel of size of 5 h −1 kpc in order to overcome the numerical noise due to the discreteness of N-body simulation. The contribution of particles in the outer grid to the deflection angle and shear fields of the inner grid has been taken into consideration by implementing a bilinear interpolation scheme between both maps. This technique was also used in Killedar et al. (2012) and its advantage is that it actually produces high resolution lensing maps for the core of clusters where the strong lensing regime can happen.
The magnification of an image is characterized by the Jacobian matrix that can be writen in terms of the convergence and the two components of shear γ1 and γ2 as follows:
where ψ is the lensing potential:
The total magnification of an image is given by µ = 1 det|A| . Regions of high magnification on the lens plane occur whenever the determinant of Jacobian matrix vanishes. The two curves associated with this criteria are the radial critical curve where the radial eigenvalue λr = 1−κ+γ goes to zero and images are radially elongated with respect to the curve and the tangential critical curve (a.k.a Einstein curve) where the tangential eigenvalue λt = 1 − κ − γ vanishes and images are tangentially elongated with respect to the curve. The corresponding curves to the critical lines on the source plane are the radial and tangential caustics.
Associated to the tangential critical curve is the Einstein radius of a lens. This radius is defined as the size of the tangential critical line, even though it happens to be a circle only for axisymmetric smooth mass distribution. The literature contains several techniques to estimate Einstein radius. For instance, Broadhurst & Barkana (2008) define Einstein radius as the projected radius within which the mean convergence equal to one (κ=1), Meneghetti et al. (2011) on the other hand define Einstein radius as the median distance of critical points on the tangential critical line with respect to the center of lens. Other studies use A π to measure Einstein radius, where A is the area enclosed by the tangential critical line (e.g. Puchwein & Hilbert 2009 ). Redlich et al. (2012) refer to the last two definitions as median and effective Einstein radius, respectively. These authors pointed out that the agreement between these two definitions is moderate with systemically smaller effective Einstein radius than the median one. This proves that the median Einstein radius captures the significant effect of lens ellipticity in comparison to the effective Einstein radius. Furthermore, the effect of a more pronounced shear field from substructures is to push the tangential critical points outward where the convergence is comparably low, leading to more elongated Einstein radii. For these two reasons, we decided to estimate Einstein radius using the definition used in Meneghetti et al. (2011) .
As we have already mentioned, subhaloes can stretch Einstein radius if they are relatively close to the cluster's core. However, if those strong substructures are relatively faraway from the core of the clusters, they can develop their own critical lines. We estimate Einstein radius as the size of tangential critical curve that corresponds to the cluster's core, where the density of a cluster is high enough for the strong lensing regime to be occurred.
To account for the limited number of clusters we have, we compute the lensing cross section for 150 different lines-of-sight (los). Since individual clusters will have different central concentrations and triaxiality (e.g. Dalal et al. 2004; Oguri et al. 2005) , using a single los would bias our results significantly.
To study the strongly lensing characteristics of our clusters we calculate the cross section for giant arcs, defined as the area on the source plane where a source must be located in order to be lensed as a giant arc. For each los, we throw down thousands of sources close to the caustics, where we expect the sources to be lensed as giant arcs. Those sources are assumed to follow a uniform ellipticity distribution from [0:0.5] with equivalent radius of size 0.5 arcsec and random orientations. We then compute the lensing cross section as the area on the source plane covered by sources that are lensed as giant arcs to the image plane. Figure 1 shows the convergence maps for all clusters. Here the green and blue lines are the critical lines on the lens plane and the caustics on the source plane, respectively. This figure illustrates the effect of the larger substructures in the WDM version of some clusters on the critical lines and caustics. Note that here we have chosen to show the orientation that corresponds to the median value of cross section for WDM clusters in the following figures. Similar maps can be done for the lensing shear and deflection angle.
RESULTS
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The length-to-width ratio L/W of the corresponding images is measured by means of the eigenvalues of the magnification tensor λr and λt. Two types of images are expected: images elongated in the radial direction of critical line which occur when |λt| is larger than |λr| and images elongated in the tangential direction with respect to critical line that happen when |λr| is larger than |λt|. So, any image with
greater than some physically meaningful threshold η, would be classified as a tangential or radial arc respectively. This technique for computing the lensing cross section was firstly proposed by Fedeli et al. (2006) . The elongation threshold throughout this work is chosen to be η = 7.5 as previously considered in the literature (e.g. Puchwein et al. 2005; Redlich et al. 2012 ). Higher elongation thresholds lead to a smaller number of giant arcs and less elongation thresholds are very sensitive to the ellipticity of sources (Killedar et al. 2012) . Figure 2 shows the probability density function of cross sections of both CDM and WDM samples. The upper panel shows the probability of cross section due to all arcs while the middle and lower panels show the probabilities of cross section due to tangential and radial arcs, respectively. The error bars represent the statistical error for each bin and the sub-plots show the difference between the two distributions. This figure illustrates that the WDM clusters are slightly stronger lenses than the CDM counterparts even though they are less concentrated and contain fewer substructures. The figure also illustrates that the WDM clusters have a more significant tail of large cross sections for radial arcs, which means that the radial arcs are more common in the WDM clusters than in the CDM counterparts.
This difference is also seen in the distribution of Einstein radii, as shown in figure 3 . We see that the WDM clusters produce slightly larger Einstein radii than their CDM analogues.
As we use the same orientations with respect to the los for both cosmologies, we plotted the lensing cross sections and Einstein radii of the WDM version as a function of those two lensing quantities for the CDM counterpart, as shown in Figure 4 and 5. Again, these two figures illustrate that the WDM version of our sample of clusters produces higher lensing efficiency than their CDM analogues for most of the 1500 los as they lie above the unity line. We found that 64 % and 60 % of the lines of sight produce higher lensing cross sections and Einstein radii, respectively, in the WDM version of clusters.
In Figure 6 , we show the tight correlation between the lensing cross sections and Einstein radii for CDM and WDM clusters. The color bar of the distributions represents the mean shear on the grid for each los. The figure illustrates that the WDM clusters can produce stronger shear field than the CDM counterparts even they have fewer substructures. This figure also illustrates that the lens- Figure 3 . The probability density function of Einstein radii for CDM sample (blue) and WDM sample (red). The blue, red and black arrows point to the median Einstein radius of the CDM and WDM samples as well as the observed sample in (Meneghetti et al. 2011 ). The error bars represent the statistical error for each bin and the sub-plot shows the difference between the two distributions. ing cross section and Einstein radius are strongly dependent on the lensing shear, we also found a similar behaviour when the distributions are coloured with the mean convergence on the grid. For this reason, the lensing properties of simulated clusters must be studied by considering different lines of sight. Each line of sight for a particular cluster has a unique convergence and shear fields due to the triaxiality of haloes and the existence of substructures, hence we get a unique Einstein radius and cross section for individual lines of sight. The green squares in the lower panel of Figure 6 represent the observed sample of clusters from (Meneghetti et al. 2011) . Despite the slight enhancement in the lensing efficiency when considering WDM cosmologies, it appears that none of our simulated clusters can reproduce the observed data of 4 clusters in Meneghetti et al. (2011) which have very high Einstein radius and cross section for giant arcs. The median cross section and Einstein radius over the 150 los along with the 16th and 84th percentiles are plotted against the virial mass of clusters as shown in Figures 7 and 8 . We found that eight of the WDM clusters produce higher lensing cross sections than their CDM counterparts. We also found that seven of the WDM clusters produce larger Einstein radii than the CDM analogues. These figures show that the WDM version of most of the clusters produced significantly higher lensing efficiency in comparison to its CDM counterpart. The figures also demonstrate that the variations of the lensing cross sections and Einstein radii of most clusters are significantly wide due to the triaxility of clusters and existence of big subhaloes. This means that the number of lines of sight used in this paper are fairly enough to study the lensing characteristics of galaxy clusters. We also think that the clusters that have narrow distributions are probably more spherical and have fewer big subhaloes. The WDM version of the cluster c10 which produces a higher lensing cross section, has actually a slightly smaller Einstein radius than its CDM counterpart. This is most likely due to the effect of faraway substructures from a cluster's core, if these subhaloes are massive enough, they can develop their own critical lines and caustics, such that they can contribute to the cross section of the clusters, while their contribution to Einstein radius is negligible. We found that the cross section and Einstein radius of the WDM version of our sample could be boosted by up to ∼ 29% and ∼ 24%, receptively, in comparison to its CDM counterpart.
We perform a least squares fit using log(σ7.5) = m log(θE)+ b to the data of both samples. The slope, intercept and the correlation coefficient of the linear fitting are shown in Figure 6 . The black lines in Figure 6 show a linear fit to each data set. We found a shallower slope and higher normalisation in the WDM cosmology in comparison to the CDM one. This suggests that the contribution of the source ellipticity to the lensing cross section is more important for the WDM version of the clusters, which is another evidence for the effect of larger size subhaloes in the WDM clusters. These large substructures significantly modify the shear field such that the effect of sources ellipticity is more significant.
We compare our fit for the CDM sample with those from Meneghetti et al. (2011) Our fit agrees with that of Meneghetti et al. (2011) , even though we still get a shallower slope and higher normalisation. This can be due to the cluster lens redshift, our clusters are simulated up to redshift z = 0 but we place them at redshift zL = 0.3, whereas the clusters in Meneghetti et al. (2011) were taken from simulation at redshift z > 0.5. Also, it can be attributed to the adopted technique for computing the lensing cross section, the length-towidth ratio of images in this work is quantified by means of the eigenvalues ratio, whereas the giant arcs in Meneghetti et al. (2011) was identified by fitting different geometrical figures to the images, they considered ellipses, circles, rectangles and rings, and then they pick up the figure whose circumference matches best with that of the image under consideration. A comparison between the eigenvalues technique for computing the lensing cross section and that adopted in Meneghetti et al. (2011) to rectangles and that method gives identical results to the eigenvalues method if only ellipses are fitted to the lensed arcs. This means that the geometrical fitting method gives a higher lensing cross section than the eigenvalues method by a factor of 4 π . The huge disagreement between our relation and that from Killedar et al. (2012) by considering their subsample of relaxed clusters at redshift zL = 0.25 can most likely be due to some physical differences between our clusters and theirs (e.g. different abundance of substructures).
WDM (SLIGHTLY) STRONGER LENSES THAN CDM?
This result might seem initially counter intuitive since WDM clusters contain less substructures and CDM clusters are more concentrated. A more centrally concentrated mass distribution will produce stronger convergence field, and more substructures will increase the shear field. Based on this naive prediction, the CDM CDM subhs WDM subhs CDM WDM Figure 9 . Maximum circular velocity radius as a function of enclosed mass for the subhaloes associated with the most massive haloes in the all ten clusters (upper panel) and for the CDM subhaloes that have matches in the WDM version (lower panel). We show the median and the 16th and 84th percentiles for several mass bins of the CDM distribution (black error bars) and the WDM distribution (red error bars).
clusters should produce larger cross sections and Einstein radii than the WDM counterparts. However, our results show that eight of the WDM clusters produce higher lensing efficiency than the CDM version of the clusters. We found that the key difference in the WDM clusters is the existence of more massive and more extended substructures than those in the CDM counterparts. Those subhaloes significantly enhance the shear field of the host cluster if they orthogonally aligned with the line of sight and they increase the convergence if they aligned along the line of sight. We also found that these WDM subhaloes significantly perturb the radial critical line such that the lensing cross section for radial arcs is higher in the WDM clusters than the CDM ones.
To pin down the effect substructures have on the lensing distribution, we examine their internal properties and mass growth. In the companion study Elahi et al. (2014) , we identify all bound (sub)haloes of every snapshot of our simulated clusters using VE-LOCIRAPTOR (Elahi et al. 2011 ). This code identifies haloes using a 3D Friends-of-Friends (FoF) algorithm with a linking length of 0.2 times the interparticle spacing, then identifies dynamically distinct phase-space structures residing within each halo. We briefly present here some of the salient findings concerning substructure here (for more details see the companion paper Elahi et al. 2014) . The upper panel of Figure 9 shows the maximum circular velocity radius as a function of enclosed mass for the subhaloes associated with the most massive halo in the 10 clusters of CDM (cyan crosses) and the WDM (violet crosses) versions. The lower panel on the other hand shows the same plot for the CDM subhaloes that have analogues in the WDM version of clusters. The cross catalogue is made by identifying each (sub)halo i in catalogue A that shares particles with a (sub)halo j in catalogue B and the merit of the initial matches is determined from Mij = N 2 A∩B /(NANB) using the halo merger tree code of VELOCIRAPTOR, which is a particle correlator (see Srisawat et al. 2013 for more details of this code). The figure illustrates that on average for a given mass, WDM subhaloes are more likely to have larger sizes than the CDM analogues. Figure 10 shows the ratio between WDM and CDM subhalo counterparts of the mass enclosed at the maximum circular velocity radius. The error bars represent the median, 16th and 84th percentiles of several mass bins. The figure illustrates that the median of the logarithmic ratio is larger than zero, which means the WDM subhaloes are more massive than those in the CDM clusters. Figure 11 shows the ratio between WDM and CDM subhalo counterparts of the maximum circular velocity radius. The error bars represent the median, 16th and 84th percentiles of several radial bins. Again, the figure demonstrates the possibility of having more extended WDM subhaloes than the CDM counterparts.
In order to check whether the boost in the lensing efficiency of the WDM clusters comes from the subhaloes, we compute the lensing properties of both versions of the most massive cluster (i.e. c1) with and without projecting the particles in the subhaloes on the lens plane. Figure 12 shows the cross section of 75 los of the WDM version versus the cross section of the CDM counterpart by considering subhaloes (red circles) and excluding them (blue triangles). The figure demonstrates that by including the substructures, the WDM version produces higher lensing efficiency for 84 % of the lines of sight. This fraction drops off to 25% when excluding the particles associated with substructures. This clearly proves that the higher lensing efficiency of the WDM clusters is due to the contribution of subhaloes.
DISCUSSION AND CONCLUSIONS
The lensing properties for two samples of simulated clusters in the WDM and CDM cosmologies have been studied. Based on the characteristics of WDM clusters, one would expect them to be weaker lenses than the CDM counterparts as they are less centrally concentrated and have fewer satellites than CDM analogues. The results of this study show that the WDM clusters are slightly more efficient lenses at producing giant arcs than the CDM counterparts.
We found that the key difference in the WDM clusters that significantly enhances their lensing efficiency is the existence of more extended and more massive substructures than those in the CDM clusters. Those more massive substructures significantly enhance the shear and convergence fields which in turn lead to a higher lensing efficiency.
However, despite the enhancement in the lensing efficiency, WDM alone cannot account for the differences seen between theory and observation.
A more robust comparison regarding the effect of small-scale substructures can be done by adopting recursive-TCM projection algorithm that has recently been proposed by Angulo et al. (2013) . The advantage of this method is that there is no need for Gaussian smoothing, and therefore small-scale substructures that are washed away by smoothing remain. However, the contribution of such small-scale substructures to the lensing efficiency is probably not significant.
We found that eight of the WDM clusters produce higher cross sections and Einstein radii than their CDM counterparts. However, we found that the WDM version of the cluster c10 produces higher cross section but smaller Einstein radius than its CDM counterpart. Similarly, the WDM version of the cluster c2 produces smaller cross section but larger Einstein radius than its CDM counterpart. This can be attributed to the existence of some substructures which are strong enough and relatively faraway from the center of a cluster to develop their own critical lines and caustics. In such a case, these substructures contribute to the lensing cross section but not for Einstein radius as we compute Einstein radius only for the core of clusters.
We have fit the function log(σ7.5) = m log(θE) + b to our data and found that the relation for the WDM sample has a shallower slope and higher normalisation than the CDM counterpart. This is again due to the effect of substructures which substantially affect the shear field. The source ellipticity becomes more significant for the lensing cross section of the WDM lenses due to their larger subhaloes. By comparing our results to those of Meneghetti et al. (2011) and Killedar et al. (2012) , we find a good agreement between our fitting and that from Meneghetti et al. (2011) . However, our fit disagrees with that from Killedar et al. (2012) , this is can be due to some physical differences of our clusters and theirs.
We conclude that despite the slight enhancement in the lensing efficiency of WDM clusters, they fail to explain the arc statistics problem as none of our clusters can reproduce the observed cross sections and Einstein radii of four clusters in Meneghetti et al. (2011) . As a possible solution, we are going to study the effects of baryonic physics on the lensing properties of WDM clusters. Furthermore, we are planning to analyse the lensing characteristics of clusters of galaxies drawn from other cosmologies, such as coupled dark matter-dark energy models.
